Correction for 'Lithographically fabricated gold nanowire waveguides for plasmonic routers and logic gates' by Long Gao et al., Nanoscale, 2018, 10, 11923-11929. The authors have noticed an error in Fig. 6 in the published paper, in which Fig. 6b and Fig. 5c are identical due to an error that occurred in the production stage of the paper. The correct version of Fig. 6 is shown below, and the caption of the figure remains the same. This error does not affect the conclusions of the paper.
Interference of SPs in a gold NW network with three inputs for the XNOR gate. (a) Output intensity for single inputs (red) and multiple inputs (black) with the phase difference changing over time. The plateaus on the sides of the oscillating curves correspond to the minimum or maximum output intensity for fixed phases. (b) (i-iii) Scattering images for single inputs. (iv-vii) Scattering images for two or three inputs. The scattering images outlined by yellow boxes show the working states corresponding to the XNOR operations. The red arrows indicate the polarization of incident light. The scale bar is 1 μm. (c) Inputs and outputs of the XNOR logic gate.
Introduction
As semiconductor-based electronic devices are approaching their physical limit, photonic devices possessing good performance in both speed and heat load can be ideal successors. 1 Surface plasmons (SPs) attract much attention because circuits based on SPs can guide light at the nanoscale and overcome the diffraction limit that has constrained the size of photonic devices. 2 To build plasmonic circuits, many fundamental components, such as plasmonic waveguides, routers, modulators, amplifiers, switches, sources, detectors, logic gates, etc., need to be explored. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Plasmonic waveguide is a basic and indispensable component that can support light transmission with nanoscale field confinement which is critical for the miniaturization of photonic circuits. Metal nanowires (NWs) are a typical kind of plasmonic waveguide, supporting the long range propagation of various SP modes. 4, 10, [18] [19] [20] [21] [22] Metal NWs behave like Fabry-Pérot resonators with the propagating SPs reflected at the ends of the NWs. 18, 23, 24 The SPs on metal NWs can couple with quantum emitters, [25] [26] [27] [28] [29] [30] [31] [32] and semiconductor NWs, 33, 34 which can be utilized to design active plasmonic devices. The metal NWs used for guiding the propagating SPs are usually chemically synthesized with monocrystalline structures and low propagation loss. 4 By assembling chemically-synthesized silver NWs into networks, plasmonic routers and logic gates were demonstrated. 5, 6, 13, 14 However, chemically synthesized NWs have low consistency in dimensions, and the fabrication of NW networks requires assembling techniques like micromanipulation which has low yield and accuracy. These shortcomings limit the applications of chemically synthesized metal NWs in practical use. With the development of nanofabrication techniques in recent years, lithographic fabrication method and focused ion beam milling fabrication method can provide high yield and controllability in the fabrication of metal NWs. 24, [35] [36] [37] [38] Of these two approaches, lithographic fabrication can provide even higher fabrication efficiency than focused ion beam milling. Standard electron beam lithography (EBL) uses polymethyl methacrylate (PMMA) on a target substrate as a resist. After exposure and development, a metal film is evaporated on the substrate followed by a lift-off process. 39 Previous studies show that the metal NWs fabricated by the lithographic method are polycrystalline and suffer large SP propagation loss. 24 Due to the low SP propa- 
Experimental and theoretical methods

Sample fabrication and optical measurements
The gold NWs are fabricated by the lithographic method based on EBL and vacuum deposition of a metal (Fig. 1a) . PMMA resist is spin-coated on quartz substrates and a thin chromium layer of 4 nm thickness is evaporated on top of the resist to serve as a conducting layer. The nanostructure patterns are written with a standard EBL exposure process and then the chromium layer is removed by a wet etching process. After development and fixing, the substrate is transferred to a vacuum chamber for depositing a gold film of 150 nm thickness by thermal evaporation (chamber pressure at 5 × 10 −4 Pa).
After the gold deposition, the sample is treated with a careful lift-off process by immersing it in acetone for 30 min at 65°C. After this lift-off process, more than 90% of the gold nanostructures without any adhesion layer can remain on the substrate over a large area. Then an Al 2 O 3 coating layer is deposited on the sample surface by atomic layer deposition (the temperature of the chamber is 200°C and the deposition process lasts 30 min). Fig. 1b shows the scanning electron microscopy (SEM) images for a typical straight NW and a Y-shaped NW network with 150 nm width. The optical measurements are performed on an upright optical microscope with a piezo stage for positioning the samples. SPs are generated with a 785 nm laser by focusing the laser light at the end of the NW under an objective (×100, NA = 1.49 in oil, or ×100, NA = 0.9 in air). The SPs propagate to the distal end of the NW where they are scattered into photons that are collected by using the same objective and detected by using a CCD camera. The power, polarization and phase of the incident light can be adjusted by attenuation plates, half-wave plates and Soleil-Babinet compensators, respectively.
Numerical simulations
The waveguide modes and near field distributions on gold NWs are calculated using a finite element method based commercial software (COMSOL Multiphysics). The mode profiles in the cross section of the gold NW and the effective refractive indices of the SP modes are obtained using the mode solver. The interference between multiple SP modes leads to specific near field distributions, which are calculated using the "Wave Optics-Frequency Domain" module in three-dimensional space. A Gaussian beam of 785 nm wavelength with 1 μm waist diameter is inserted perpendicular to the NW axis at one of the NW ends to excite the propagating SPs. The permittivity for gold (ε Au = −22.85 + 1.42i) is taken from Johnson and Christy. 40 The refractive index of Al 2 O 3 (n = 1.76) is taken from Malitson and Dodge. 41 The NWs are placed in a surrounding medium with refractive index n = 1.518.
Results and discussion
Characterization of SP propagation on gold NWs
When the laser is focused at the end of the gold NW with the polarization parallel to the NW, SPs are launched and propagate along it. Scattering light can be detected at the distal end of the NW due to the SPs converting to photons therein ( Fig. 2a) . In the standard lithographic fabrication of gold nanostructures, an adhesion layer consisting of a metal like chromium or titanium is usually used to increase the adhesion of the gold to the substrate. The adhesive metal layer introduces additional loss to the SPs. 36, [42] [43] [44] Our results for the gold NWs with and without the chromium layer show that the chromium strongly damps the propagating SPs (see Fig. S1 in the ESI †). Therefore, we omit the adhesion layer and deposit gold directly on the quartz substrates to obtain the gold NW waveguides. To immobilize the NWs onto the substrate, we deposit an Al 2 O 3 film onto the surface of the gold NWs. The coating layer also protects the gold NWs from exposure to the surrounding environment. Fig. 2b shows the intensity of scattering light at the output ends of the gold NWs in different surrounding media for NWs of different lengths on the same sample. As can be seen, after the deposition of the Al 2 O 3 coating layer, the light intensity at the output ends of the NWs is obviously increased, which indicates the decrease of SP loss (comparing the red circles and black squares in Fig. 2b ). It is determined that the loss decrease results from the structural modifications of the NWs induced by the thermal annealing in the process of depositing Al 2 O 3 (see Fig. S2 and S3 in the ESI †). 45, 46 Then the sample is illuminated through an oil immersion objective. The intensities of the collected signals at the ends of the NWs are further increased (the blue triangles in Fig. 2b ), as the high numerical aperture of the objective provides larger excitation and collection efficiency and the homogeneous surrounding medium prevents the leakage radiation of SPs. 47, 48 A strong oscillation of the intensity related to the NW length shows up when the NWs are in the homogeneous surrounding medium, which is attributed to the superposition of two different SP modes excited in the NWs. 6, 21 Fig. 2c shows the electric field distributions of the two modes (TM 0 and HE y 1 ), which can be excited by light polarized parallel to the NW. The fitted curve in Fig. 2b is obtained by fitting the experimental data with the simulated wave vectors of the two modes (see section 2 in the ESI †). These results show that polycrystalline NWs fabricated by the lithographic method and treated with the deposition of an Al 2 O 3 coating layer can be used as plasmonic waveguides with good performance, which makes them qualify for applications in plasmonic circuits.
Controllable routing of SPs in Y-shaped NW networks Fig. 3a, d and f show the optical images of three fabricated Y-shaped NW networks with different lengths of the vertical main wire. The scattering images in Fig. 3b and c show that the emission intensity at the two output ends of the Y-shaped branch structure is dependent on the polarization of the incident light. For the polarization angle θ = 60°and θ = −60°( θ represents the angle between the incident polarization and the main wire, as marked in Fig. 3a) , the SPs will mostly propagate to the left branch and the right branch, respectively, when the main wire length is 3.4 μm. The SP routing behavior is dependent on the length of the main wire. Fig. 3e and g show that, under the excitation of θ = 60°, the SPs split and propagate to the two branches equally when the main wire length is 4 μm, while the SPs propagate mostly to the right branch when the main wire length is 4.6 μm.
The SP routing behavior is determined by the near field distributions at the junction of the Y-shaped branch structure, resulting from the superposition of multiple SP modes. In addition to the two modes in Fig. 2c , the NW supports the HE x 1 mode that can be excited by light polarized perpendicular to the NW. When the main wire end is under incident light with appropriate polarization, these three lowest order modes (TM 0 , HE x 1 and HE y 1 ) can be excited and propagate along the NW. 21 When the incident polarization is parallel or perpendicular to the main wire (θ = 0°or 90°), the electric field is symmetrically distributed on the two sides of the junction in the Y-shaped NW network; thus the SPs will propagate equally to the two branches. For 0°< θ < 90°, the electric field distribution on the NW is in a zigzag shape. Therefore, the electric field intensity on the two sides of the branch junction can be different, which will influence the routing behavior of the propagating SPs. Fig. 3h-k show the simulation results of the electric field distributions for three structures corresponding to the experimental ones. For the structure with the main wire of a length of 3.4 μm, the asymmetric distribution of the electric field at the junction determines that the SPs will propagate to the side with strong intensity, resulting in the SP routing ( Fig. 3h and i) . When the length of the main wire is increased to 4 μm, the electric field intensity on the two sides of the junction is similar, so the SPs propagate to the two branches, resulting in similar output intensities on them (Fig. 3j) . For the NW structure with the main wire length of 4.6 μm, the field distribution at the junction becomes asymmetric again, but the strong field is on the opposite side of the junction for the same incident polarization compared to the structure with the main wire length of 3.4 μm. Therefore, the SPs will propagate to a different branch (comparing Fig. 3k and h ). All simulation results are in good agreement with the experimental results. The SP routing behavior can thus be precisely controlled by the incident polarization and the geometry of the structure. The maximum switching ratio is reached when the incident polarization angle is ±60°because of the different intensities of the SP modes (see section 3 in the ESI †).
Boolean logic in NW networks
Two SP waves can be launched in the Y-shaped NW structure by focusing two laser beams on the two ends I1 and I2 (Fig. 4a) . The two SP waves interfere on the main wire, which modulates the output light intensity at the distal end O. The phase difference of the incident light at I1 and I2 terminals can be controlled by a Soleil-Babinet compensator in the light path. When only one laser beam is focused on either the I1 or I2 input end, the output intensity is similar and irrelevant to the incident phase (Fig. 4b, black and red crosses) . When the two laser beams are both turned on and the phase of the I2 input is tuned, the output intensity will oscillate between the maximum and minimum values (Fig. 4b , blue crosses) due to interference. As can be seen that the SPs from the two inputs interfere strongly and the interference visibility V = (I max − I min )/(I max + I max ) is over 0.83. Fig. 4c shows the scattering images for either the I1 or I2 input (Fig. 4ci, ii) , and for both the I1 and I2 inputs with constructive (Fig. 4ciii) and destructive (Fig. 4civ) interference.
By assigning the input and output signals to "1" or "0", this NW network can serve as three-terminal Boolean logic gates. The output is "1" for intensity larger than the threshold intensity I t , and is "0" for intensity lower than I t . Fig. 4d shows the truth table of four logic gates. When I t is 200, the NW network can serve as an AND gate for constructive interference. When I t is set to 100, the NW network can execute the logic operations of OR for constructive interference. With an additional phase difference π leading to destructive interference, the NW network can work as an XOR gate. If the I2 input is defined as a control signal, the output state will be opposite to the I1 input; thus the NW network executes the NOT logic operations.
NAND and NOR gates, the so-called universal logic gates, can be realized in the NW network with three input ends and one output end (Fig. 5a) , where an additional control input C is added into the Y-shaped NW network. The incident power for three inputs is adjusted by attenuators so that the output intensity O(I1) and O(I2) are both about 300 while O(C) is about 1000 (red lines in Fig. 5b ). The corresponding scattering images are shown in Fig. 5ci , ii, and iii, respectively. At first, the I1 and C inputs are both turned on. Fig. 5c ], which is the minimum value of O(I1, I2, C) as confirmed by the oscillating O(I1, I2, C) intensity for varied phases of input C. Now the phase of the C and I2 inputs are fixed, which corresponds to the constructive interference of I1 with I2 and destructive interference of both I1 and I2 with C. When I t is defined as 200, which is above O(I1, I2, C) and below O(I1) and O(I2), the outputs correspond to the NAND logic operations. When I t is defined as 500, which is above O(I1) and O(I2) and below O(C), the outputs correspond to the NOR logic operations (Fig. 5d) . In addition to the realization method discussed above, NAND and NOR gates can also be realized by cascading the AND and OR gates with the NOT gate, respectively (section 4 in the ESI †).
If the intensity of O(C) is the same as the intensity of O(I1) and O(I2), the XNOR gate can be realized in the same NW network structure. A similar measurement is carried out and the output intensity changes for the varied phases are shown in Fig. 6a (Fig. 6bvii) . Tuning the phase of the C input proves that this intensity of O(I1, I2, C) is the minimum value for the inter- ference with different phases of input C [O(I1, I2, C) in Fig. 6a] . If the threshold I t is defined as 200, which is below O(I1), O(I2), and O(C) and above the minimum of O(I1, C) and O(I2, C), the output states correspond to the XNOR operations (Fig. 6c ).
Conclusion
We demonstrate an approach for fabricating gold NW networks by EBL and metal film deposition techniques, and realize the plasmonic routers and Boolean logic gates in the fabricated structures. The Al 2 O 3 coating layer can immobilize the gold NWs without an adhesion layer onto the substrate, and the thermal annealing during the Al 2 O 3 deposition process decreases the SP propagation loss. Polarization controlled plasmon routing function is realized in Y-shaped gold NW networks, which is strongly dependent on the length of the main wire. The output intensity in the NW network can be modulated when exciting the SPs by multiple laser beams due to the interference of SPs. AND, OR, XOR and NOT gates are realized in three-terminal NW networks and NAND, NOR and XNOR gates are realized in four-terminal NW networks. The lithographic fabrication method reported in this work can be easily applied to other metals and various substrates, facilitating the on-chip integration of plasmonic devices for optical information guiding and processing.
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